Abstract: Cell competition is identified as a crucial phenomenon for cancer and organ development.
INTRODUCTION
Cell competition is a type of short-range cell-cell interaction which is well studied only in Drosophila melanogaster to date, in which normally viable loser cells die when mixed with winner cells [1] . Cell competition is involved in organ development [2, 3] , cancer [3] [4] [5] and tissue repair [6] . MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate gene expression at the posttranscriptional level. With the help of this study, we aim to identify key miRNAs that regulate cell competition by targeting multiple genes involved in it. Several mechanisms that affect cell proliferation and survival in the cell competitive environment are proposed in Drosophila melanogaster as follows: the Wingless (Wg)/Wnt signaling pathway, the Hippo (Salvador/Warts/Hippo) pathway, JNK pathway dependent apoptosis, apoptosis-independent extrusion, and engulfment [3] . Wg signaling was not intrinsically required for cell survival, but overactivation of Wg signaling in the mutant clones of either axin or APC (adenomatous polyposis coli) led to the elimination of surrounding wild-type cells. Thus, the relative difference in the levels of Wg signaling activity can lead to cell competition [7] . In the case of the Hippo pathway, the mutant alleles of the four hippo pathway genes sav, hpo, wts, and mats have rescued Minute heterozygous (M/+) clones from cell competition in developing eyes, suggesting that they are involved in cell competition [8] . JNK-mediated apoptosis has been reported in various mutant cells which are outcompeted by wild-type cells, for example, Minute [1] , scrib [9] , dMyc [10] , vps25, tsg101 [11] , dlg [12] , and lgl [13] . The apoptosis-independent extrusion of mutant cells has been reported in the lgl and mahj mutant cells in fly as well as in a mammalian cell culture system [14] . Engulfment-mediated cell competition has been observed in scrib, dlg, vps25 and Minute mutant clones [12, 15] . According to the location in the genome, miRNA genes can be intragenic or intergenic. When a specific miRNA is present in the location of a gene, it is called intragenic miRNA and the gene is known as a host gene. Intragenic miRNAs are generally thought to be regulated by their host gene promoter, but some intragenic miRNAs have been reported to have their own promoters [16] . MiRNAs can induce mRNA cleavage or translation inhibition by binding to the 3' UTR of target mRNAs through base pairing. Today, many algorithms which have been developed to predict targets for miRNAs are based on sequence complementarity between miRNA and mRNA. The list of predicted targets generated by this method poorly overlaps with the small number of validated targets [17] . So, recently an approach has been proposed by a combination of a sequence complementarity algorithm and expression of miRNAs in functionally analogous tissues [18] .
In this study, we used three different prediction tools for miRNA prediction and selected only those cell competition genes which are conserved in humans. We considered miRNAs as conserved miRNAs if they are conserved among three species -Drosophila melanogaster, Caenorhabditis elegans and Homo sapiens. In the last step, we included not only an miRNA expression study but also an miRNA target expression study in which expression of target genes of identified miRNAs must be inversely proportional to the expression of miRNAs. We selected only those miRNAs whose host genes showed ≥ 1.5 fold differential expression level in larval tissues compared to corresponding adult tissues and simultaneously their target genes showed ≥ 1.5 fold differential expression level reciprocally. Here, we have identified nine potential cell competition miRNAs in the Drosophila genome. Eighteen homologous human miRNAs of these nine potential Drosophila miRNAs may play an important role in cell competition related diseases in humans, such as cancer.
METHODS

Selection of human conserved Drosophila cell competition genes
Genes associated with cell competition were selected through a literature survey. Reported Drosophila cell competition genes were checked for their conservation in humans by use of HomoloGene (http://www.ncbi.nlm.nih.gov/homologene), a tool of NCBI and/or Ensembl (http://www.ensembl.org/biomart/martview) and/or DAVID bioinformatics resources v6.7 (http://david.abcc.ncifcrf.gov/ home.jsp) [19, 20] . For further study, only those genes which are conserved in humans were selected.
Data collection of cell competition miRNAs
TargetScan Conserved Targets, PITA Top Targets and PicTar 5-way Conservation are all suitable candidates for a top microRNA prediction database, because their performance is good on both parameters termed precision and reported activity, when compared to publicly available high-throughput microarray data [21, 22] . So, for data collection of cell competition miRNAs, we searched microRNA predictions from the following three individual microRNA prediction sites: http://www.targetscan.org/fly_12/ (TargetScan version 6. 
Sequence conservation analysis -CLUSTALW
To assess sequence conservation among Drosophila melanogaster, Caenorhabditis elegans and Homo sapiens, two criteria were used: 5' end seed matches that featured at least 7 continuous nucleotides of homology within the first 10 nucleotides of the miRNA and/or ≥ 70% overall homology across complete mature miRNA sequences [23] . CLUSTALW, with default parameters, was used to align mature miRNA sequences of two species [24] .
Determination of expression pattern -miRBase and FlyAtlas miRBase was used to determine the genomic location of each miRNA. If miRNA is intragenic, the expression profile of the corresponding miRNA can be deduced from the expression data of that host gene. FlyAtlas provides an atlas of gene expression, determined by microarray, in multiple tissues of Drosophila adults and larvae. In these data, each gene expression level (http://flyatlas.gla. ac.uk/flyatlas/index.html?page=gene) in each tissue has been ranked. This database contains expression data of Drosophila melanogaster genes in 25 different tissues (17 adult and 8 larval). In Drosophila, a larva is an early development stage of adult tissue where cell competition may be more prominent than adult tissue because cell competition is involved in organ development [2, 3, 25] . So, miRNAs involved in cell competition should show a significantly different expression level in larval tissues compared to corresponding adult tissues. Currently, in FlyAtlas, seven tissues have expression data of both stages. Therefore, we compared the expression profile of host genes in these seven larval tissues with their corresponding adult tissues, i.e. larval CNS, adult brain, larval midgut, adult midgut, larval hindgut, adult hindgut, larval tubule, adult tubule, larval fat body, adult fat body, larval salivary gland, adult salivary gland, larval carcass, and adult carcass. Moreover, expression of miRNAs should inversely correlate with their target genes. To consider both these criteria, we selected only those miRNAs whose host genes had shown ≥ 1.5 fold differential expression level in larval tissues compared to corresponding adult tissues, and simultaneously their target genes had shown ≥ 1.5 fold differential expression level in the same tissues reciprocally (biologically significant [26] ). We labeled them as "alleged cell competition miRNAs".
Identification of human homologs
Homologous human miRNAs of Drosophila alleged cell competition miRNAs were identified by the use of CLUSTALW [23] . Moreover, homologous human genes of Drosophila cell competition genes (targets of Drosophila alleged cell competition miRNAs) were obtained from HomoloGene and/or Ensembl and/or DAVID bioinformatics resources v6.7 [19, 20] .
RESULTS
Conserved Drosophila cell competition genes
Cell competition related genes were searched through the literature review. We obtained 59 genes associated with cell competition in Drosophila (Suppl. Table 1 in Supplementary material at 10.1515/cmble-2015-0046_sm1). Out of these 59 genes, 51 were conserved in humans (Table 1 ; Suppl. Table 1 ), so they were termed conserved cell competition genes. The remaining eight genes, namely eiger, rpr, dp53, brk, Ark, os, shg, and fu2, were not conserved in humans, so they were not considered further.
MicroRNAs in cell competition in Drosophila melanogaster
The three best prediction tools, namely TargetScan Conserved, PITA Top and PicTar, were used for top microRNA prediction. To date, miRBase contains 238 miRNAs in the species D. melanogaster. Out of these, 96 miRNAs have alleged targets for cell competition related genes in any of the three prediction tools (Table 1 ). These miRNAs potentially target the genes of JNK, Endocytosis, Extrusion, Hippo and Wnt pathways of cell competition (Table 1) . Forty-two transcripts involved in these pathways have good binding sites for miRNAs: 12 genes belonging to JNK; 10 genes to endocytosis; two genes to extrusion; eight genes to Wnt, eight genes to Hippo and two genes to miscellaneous ( 
Cell competition miRNA clusters
An miRNA cluster is composed of two or more miRNA gene copies that are separated from each other by a distance of 10 kb or less. More than 35% of miRNAs form clusters in Drosophila. In our study, we found that 49 out of 96 cell competition miRNAs form clusters and the remaining 47 are of a single transcript. Out of 49 miRNAs, 43 share a genomic location with other cell competition miRNAs and 6 share a genomic location with miRNAs which are not involved in cell competition. Thus, 43 miRNAs constitute just 18 clusters, and some of those are strongly conserved, such as miR-11/miR-998, miR13a/miR-13b/miR-2c, miR-279/miR-996, miR-281-1*/miR-281-2*, miR2a/miR-2b and miR-92a/miR-92b (Suppl. Table 3 in Supplementary material at 10.1515/cmble-2015-0046_sm1).
Conservation of Drosophila miRNAs in humans
Normally, the seed (~2-7 nucleotides at the 5' end) region of conserved miRNAs is preserved throughout diverse species [40] . Conservation of the arms of the hairpin precursors is more than that of either the surrounding genomic sequence or the intervening loop sequence but is less than that of the seed region [41, 42] . A sequence similarity study among mature miRNAs of Drosophila, C. elegans and H. sapiens was carried out as per the two criteria depicted in sequence conservation analysis. Out of 96 cell competition miRNAs in Drosophila, 42 are conserved in both C. elegans and H. sapiens ( Table 2 ). The remaining 54 Drosophila cell competition miRNAs show conservation in either C. elegans or H. sapiens or in neither of them. Therefore, these 54 miRNAs including dmemiR-12, which is listed in both Drosophila-C. elegans and Drosophila-H. sapiens groups but not in the Drosophila-C. elegans-H. sapiens group, because their corresponding C. elegans and H. sapiens homologs are not cross related in sequence and under our criteria have been designated as 'not conserved'.
Cell competition miRNAs: expression patterns
From the 42 conserved cell competition miRNAs, 18 are intergenic and 24 are intragenic (Suppl. Table 3 ). Out of 18 host genes for 24 intragenic miRNAs, six host genes for nine intragenic miRNAs are differentially expressed (≥ 1.5 fold) in larval tissues compared to adult tissues, and simultaneously their miRNAs' target genes showed ≥ 1.5 fold differential expression level in reciprocal tissues, whereas expression data of four host genes for five miRNAs are not available (Table 3 and Supplementary material at 10.1515/cmble-2015-0046_sm2). So, these nine miRNAs might play an important role in cell competition in flies as well as in humans via their homologs. The expression profile of intergenic miRNAs is not available in the database; hence their roles in cell competition is not explored here.
Identification of human homologs
We identified 18 homologous human miRNAs of nine Drosophila alleged cell competition miRNAs. Moreover, we identified 44 homologous human cell competition genes of Drosophila cell competition genes (targets of Drosophila alleged cell competition miRNAs) which could be considered as potential cell competition genes in humans (Table 3) . 
DISCUSSION
In this study, we identified nine alleged miRNAs involved in cell competition through an in silico screening strategy (Fig. 1) . D. melanogaster is a common model organism for the study of cell competition and genetic research [3, 43] . So, we searched for cell competition related genes in Drosophila through the literature survey. Nearly 75% of human disease-causing genes appear to be conserved in the fly [44] . In our case, nearly 87% of cell competition causing genes of the fly are conserved in the human. Then we identified 96 miRNAs which target conserved cell competition genes with the help of three well-known prediction tools. Fig. 1 . In silico screening strategy for identification of alleged cell competition miRNAs.
The present study revealed that almost half of the cell competition miRNAs form clusters. miRNAs present in one cluster generally show a pattern of sequence conservation as they originated from a common pre-miRNA. In our study, some of the cell competition clusters are well conserved. Conserved miRNAs may regulate the same biological function in humans as they regulate in Drosophila [23] . Based on this concept, we identified 42 conserved cell competition miRNAs (Table 2) . It is well reported that cell competition is an important phenomenon in organ development, and different stages of the life cycle show different levels of cell competition. As an organ develops completely, cell competition reaches a steady level in normal physiological conditions. So to identify alleged cell competition miRNAs, we selected only those miRNAs whose host genes had shown a differential expression level in larval tissues compared to corresponding adult tissues, and simultaneously their target genes had shown a differential expression level in the same tissues reciprocally. This is because miRNA can be correlated with its target gene only if there is a significant inverse relationship between their expression levels. In this study, we identified nine alleged miRNAs involved in cell competition in Drosophila (Fig. 1 , Table 3 ). These miRNAs mainly target the elements of the JNK, endocytic and Hippo cell competition signaling pathways. Some of the cell competition miRNAs target more than one transcript involved in different pathways of cell competition (Table 1 ). This shows that there exists cross-talk between cell competitionrelated pathways, which had been demonstrated previously in Drosophila [32] . These nine Drosophila cell competition miRNAs have 18 homologous human miRNAs that may be involved in cell competition in humans and that are of our interest as no such studies in humans have been reported to date. Importantly, several studies have shown that cell competition is involved in cancer [1, 3, 4, 45] . The cancerization field observed in many human cancers may be mediated by a competitive interaction among mutated and wild-type cells since the first mutation in a wild-type cell [45, 46] . As cell competition is a conserved phenomenon between humans and Drosophila, not only in normal physiological conditions but also in a diseased condition, we validated our 18 identified homologous human miRNAs with cancer miRNAs in humans.
Reports have shown that has-miR-27a is significantly up-regulated in renal cell carcinoma [47] , in cervical cancer [48] , in gastric adenocarcinoma [49] and in breast cancer [50, 51] . has-miR-27b synergizes with anticancer drugs via p53 activation and CYP1B1 suppression [52] . has-miR-128 is involved in many types of human tumors, and its validated target genes are involved in cell proliferation, differentiation and apoptosis [53] . A recent study identified that miR-96 and miR-182 are responsible for the oncogenic transformation of breast cells, and both are highly expressed in MCF-7 breast cancer cells [51] . miR-9/9* inhibits differentiation of glioblastoma stem cells and maintains their stemness [54] . One more study showed that hsa-miR-320, a conserved homolog of dmemiR-79, suppresses the stem cell-like characteristics of prostate cancer cells by downregulating the Wnt/beta-catenin signaling pathway [55] . In flies, a transcript of the Frizzled gene involved in the Wnt signaling pathway also contains a binding site for dme-miR-79 (Table 1 ). This correlation of the probable role of dme-miR-79 with hsa-miR-320 validates the proposed screening strategy. The miR-17-92 cluster is responsible for tumorigenicity by inhibiting oncogeneinduced senescence [56] . miR-34a is involved in regulation of apoptosis of liver cells by targeting the KLF4 gene [57] . miR-885-5p interferes with cell cycle progression and cell survival in neuroblastoma [58] . Increasing downregulated miR-9 expression levels in breast cancer cells induced anti-proliferative, antiinvasive and pro-apoptotic activity [59] . The above reports showed that nearly all in silico identified human miRNAs are involved in different types of cancer. Their role in cell competition can be validated further by a suitable human cell competition model. But to date there is no well-established human cell competition model available to perform cell competition related studies directly in humans except a few basic reports. So it is very difficult to validate in silico screened human cell competition miRNAs and their target human genes. In future, in case of availability of such an experimental model of cell competition in humans, it is crucial to validate the role of homologous human miRNAs in cell competition. Moreover, there is also a lack of research on human genes involved in cell competition. One of the few studies on cell competition showed some genes in cell competition. The authors reported that activated KRAS and Rac downregulate contractile myosin, which imparts winner status of cells by allowing internalization of neighboring cells that eventually undergo cell death [60] . Still many genes that are involved in cell competition through different mechanisms and pathways need to be discovered. In this study, we also listed 44 human genes including KRAS, which may be involved in cell competition through different pathways such as JNK, Endocytosis, Wnt and the Hippo pathway. So it is very important to focus on these genes and their endogenous regulatory miRNAs in order to understand the molecular underpinnings of cancer initiation from its first mutation, and this will definitely help in future studies oriented towards early detection and treatment of cancer.
CONCLUSIONS
In conclusion, cell competition is a phenomenon involved in cancer, organ development, aging and tissue repair. In this study, we identified nine alleged Drosophila cell competition miRNAs and their 18 homologous human miRNAs which may be involved in cell competition. Further experimental validation of these identified human miRNAs is required to confirm their involvement in cell competition. Currently, there is no such well-established human cell competition model available to validate the roles of identified miRNAs. However, as cell competition is a well-reported phenomenon in cancer, the involvement of in silico screened human miRNAs in different cancers would validate their role in cell competition. For this, we have explored the literature and found that they are well reported experimentally in different cancer types. Confirmation of the proposed concept with wet lab experimentation is in progress. Moreover, in case of availability of a tissue expression database of intergenic miRNAs in future, it would also be possible to entirely screen and study them. The alteration of the expression profile of 18 identified alleged human cell competition miRNAs can serve as a tool to predict newer genes involved in cell competition. These cell competition miRNAs can be used as clinically relevant early biomarkers in cell competition related diseases and as potential targets to develop new therapies against diseases involving cell competition.
